INTRODUCTION
Abnormal processing of the patterns in sound over time has been suggested in a number of clinical disorders, including receptive language disorders in children and developmental dyslexia [1±4] . Examples of such patterns are continuous changes in sound properties such as frequency or amplitude (called frequency or amplitude modulation). Animal neurophysiology [5±7] and human functional imaging [8] has demonstrated neural mechanisms in the ascending auditory pathway and auditory cortex for the processing of frequency and amplitude modulation. In this study we tested the hypothesis that such mechanisms are adequate for the perception of temporal pattern. Speci®cally, we investigated whether additional processing in the frontal cortex is necessary for the normal perception of auditory temporal pattern. Frontal processing has been suggested to be necessary for normal visual perception [9] .
We have been allowed to test this hypothesis by studying a patient who is unable to carry out normal frontal processing of auditory stimuli. Such patients are rare; abnormal frontal lobe processing of auditory stimuli requires either bilateral lesions of the frontal cortex, or destruction of the auditory cortex on one side and a lesion anterior to the auditory cortex on the other side. We have assessed the perception of the temporal structure of sound at a number of levels, from the millisecond level to the hundreds of milliseconds level. This allows the demonstration of dissociated perceptual de®cits for sounds with different temporal patterns.
PATIENT AND METHODS
Subject IR sustained bilateral brain damage 10 years before assessment ( Fig. 1 ) during surgery for bilateral middle cerebral artery aneurysms. The extent of her lesions was compared with a probabilistic map of the primary auditory cortex [10] . In the left hemisphere most of the superior temporal gyrus is destroyed, including the primary auditory area within Heschl's gyrus (HG). In the right hemisphere the damage to the temporal lobe involves the superior temporal lobe anterior to HG, in addition to a large frontal lesion involving most of the precentral and inferior frontal gyri. HG is spared, as are the planum temporale posterior to it and lateral cortex in the superior temporal planum. There is no damage to the brain stem or thalamus. Auditory function in IR is therefore subserved by a single intact pathway up to and including the right primary auditory cortex, that is isolated from anterior areas in the temporal and frontal lobes.
Psychoacoustic assessment was carried out over 60 h with the patient's informed consent. Assessment included audiometry and measurement of the perception of the temporal structure at a number of levels. The ability to perceive the ®ne temporal structure in sounds was assessed using iterated rippled noise (IRN [11] ). This stimulus is perceived as a noise with a pitch, the perceptual properties of which parallel the temporal regularity in the stimulus at the millisecond level. The ability to perceive the temporal structure at the level of tens or hundreds of milliseconds was assessed by measuring the binaural detection of sinusoidal amplitude modulation (AM) and sinusoidal frequency modulation (FM) of a 500 Hz carrier. Modulation rates of 2 Hz (corresponding to temporal structure at the level of hundreds of milliseconds) and 40 Hz (corresponding to temporal structure at the level of tens of milliseconds) were investigated. Perception of all temporal stimuli was measured using a two-alternative-forced-choice technique. Pairs of sounds of 1 s duration were presented over headphones at a sensation level of 60 dB. Synchronous masking noise at a sensation level of 35 dB was used in the other ear for the monaural tasks. The subject was required to detect which of two intervals contained the target sound. The target interval and signal-to-noise ratio level were varied randomly from trial to trial. Psychometric functions were plotted to allow determination of the threshold at which 75% correct detection was achieved. The functions were all based on at least 20 trials per point to allow a reliable estimate of threshold. The 75% threshold estimates were obtained from Weibull functions [12] ®tted to the data using an automated algorithm. The threshold data were compared to control data from eight age-matched naive subjects.
RESULTS
Pure tone audiometry was normal. Testing of the monaural perception of temporal structure at the millisecond level using IRN (Fig. 2a) showed that this was normal for the left ear, which is the predominant input to the preserved right auditory cortex. In contrast, her ability to detect temporal structure at the level of tens of milliseconds and above was markedly abnormal (Fig. 2b,c) . At a modulation rate of 2 Hz, corresponding to temporal structure at the level of hundreds of milliseconds, detection thresholds for AM and FM were 11.0 and 6.4 times normal respectively ( p , 0.001 for both comparisons, one sample t-test). At a modulation rate of 40 Hz, corresponding to temporal structure at the level of tens of milliseconds, detection thresholds for AM and FM were 4.6 and 4.1 times normal respectively ( p , 0.001 for both comparisons, one sample ttest). Monaural testing of AM and FM did not show systematic differences between the ears as for IRN. Previous analysis of the detection of temporal pattern by IR, in segmented rather than continuous sounds, also demonstrated a striking de®cit at similar levels of temporal structure to those that revealed the modulation de®cits [13, 14] .
DISCUSSION
The de®cit in the analysis of modulated sound in this patient is a perceptual disorder, and is not due to deafness, or a de®cit in attention or working memory. The normal detection of IRN required similar selective attention to simple acoustic features using similar two-alternative forced-choice psychophysics, and similar working memory demands for those features. This study demonstrates preserved perception of pure tones and the pitch of IRN in a subject with an intact pathway up to and including the primary auditory cortex. This is consistent with the representation of spectral and ®ne temporal structure in human primary auditory cortex being a neural correlate of conscious perception [15] . Such representation has been demonstrated by previous human studies using magnetoencephalography [16, 17] . Alternatively, we cannot dismiss the possibility that preserved areas lateral and posterior to HG might be required for the perception of pitch. The lateralisation of performance for IRN pitch perception suggests that this process depends on processing in the medial geniculate body or auditory cortex; structures at lower points in the ascending pathway exhibit extensive cross connections. The involvement of the thalamus or cortex in perceptual processing would not preclude detection of ®ne temporal structure earlier in the pathway.
These data indicate that the normal perception of temporal structure above the millisecond range cannot be subserved by an intact pathway up to and including the right primary auditory cortex. Mechanisms for modulation analysis in this pathway [5±8] are not, therefore, suf®cient for normal modulation perception in man. What, then, is the suf®cient substrate for higher-order temporal perception? We hypothesise that connection between the auditory cortices and the frontal cortex is necessary for the human perception of continuous temporal modulation in sounds. Speci®cally, we hypothesise that the critical connection is between secondary auditory cortex and frontal cortex. Immediately anterior to the primary auditory area in the macaque is a secondary auditory area (rostral area [18] ). This area projects to the frontal cortex, and may have a speci®c role in temporal pattern processing [19] . If a homologous area were to exist in humans, the lesion in IR would be more likely to affect its frontal connections than the area itself; the lesion is well anterior to HG in the temporal lobe, and involves large areas of the frontal cortex.
This work proves that the disordered perception of temporal pattern observed in certain clinical disorders need not necessarily be due to an abnormality in the ascending auditory pathway or auditory cortex.
